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Edited by Richard CogdellAbstract We previously associated the emergence of carbape-
nem resistance in Acinetobacter baumannii with the loss of an
outer membrane (OM) protein designated CarO. CarO was
found essential for L-ornithine uptake: CarO-deﬁcient strains
were speciﬁcally impaired to grow only on L-ornithine, and failed
to incorporate L-[14C] ornithine from the medium. L-arginine,
and histidine and lysine to a lower extent, could eﬀectively com-
pete for L-[14C] ornithine uptake. L-ornithine also reduced A.
baumannii sensitivity to imipenem, suggesting that both com-
pounds compete for uptake. The overall results indicate that
CarO participates in the selective uptake of L-ornithine, carba-
penems, and other basic amino acids in A. baumannii.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Acinetobacter baumannii1. Introduction
The genus Acinetobacter (family Moraxellaceae, class c-Pro-
teobacteria) is constituted by aerobic, Gram-negative species
commonly present in the environment including static and
drinking waters, soils, sewage, food, human skin, etc. [1–4].
Certain strains of a particular species of the genus, Acinetobac-
ter baumannii, account now for an important percentage of
nosocomial infections mainly aﬀecting immunocompromised
patients [1–4]. These strains are almost invariably multidrug
resistant (MDR) and show an outstanding ability to rapidly
evolve resistance to new antibiotics [1–4]. A major concern is
now represented by the worldwide emergence of A. baumannii
strains with additional resistance to carbapenem b-lactams,
few last resources of the current antimicrobial arsenal against
infections produced by MDR Gram-negative pathogens [3,4].
Attempts to reduce dissemination of antibiotic resistance are
best based on a detailed knowledge of both the mechanisms of
resistance and the physiology of the organisms involved. Carb-
apenem resistance in A. baumannii has been ascribed to diﬀer-Abbreviations: A. baumannii; Acinetobacter baumannii; IPM, imi-
penem; L-Orn, L-ornithine; MDR, multidrug resistance; MER,
meropenem; OM, outer membrane
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permeability, co-optation of carbapenemase genes, and de-
creased expression of penicillin-binding proteins [5–8]. In par-
ticular, the loss of a restricted number of OM proteins has
been related to increased resistance to carbapenems such as
imipenem (IPM) and meropenem (MER) in many Gram-neg-
ative bacterial pathogens [5–10]. A pertinent example is the
outer membrane protein OprD of Pseudomonas aeruginosa,
whose absence results in increased levels of IPM resistance
and which has been characterized as a speciﬁc channel for
IPM and basic amino acids and lysine-containing short
peptides [9–12].
Our knowledge about the OM proteins responsible for carb-
apenem uptake in A. baumannii or their physiological roles(s),
on the contrary, is still very limited [5–8,13]. We have previ-
ously reported that emergence of carbapenem resistance
among clonally related MDR A. baumannii strains was associ-
ated to the loss of a 29 kDa OM protein designated CarO,
which belongs to a previously unreported family of b-barrel
proteins restricted to the family Moraxellaceae of the c-Prote-
obacteria [7,8]. Natural disruption of the carO gene could ac-
count for the absence of CarO in carbapenem-resistant A.
baumannii strains, the overall data supporting the notion that
this protein participates in carbapenem inﬂux [8]. Yet, the
physiological role(s) served by CarO remained to be eluci-
dated.
Here, we provide experimental evidence indicating that
CarO also plays an essential role in the selective uptake of
L-Orn and other basic amino acids, and discuss its possible rel-
evance for this opportunistic pathogen.2. Materials and methods
2.1. Bacterial strains
A. baumannii strains Ab244, Ab825 and Ab242 belong to a clon-
ally-related group of MDR clinical isolates obtained from the Hos-
pital de Emergencias Clemente Alvarez, Rosario, Argentina, and
were described in detail in previous works [7,8]. In short, the
CarO-containing Ab244 strain is sensitive to both IPM and MER,
Ab825 is resistant to both carbapenems and lacks CarO from its
OM as the result of a natural disruption of the cognate gene med-
iated by an endogenous insertion sequence, and Ab242 is also resis-
tant to both carbapenems and lacks CarO due to a still unknown
mechanism [8].
2.2. Growth of A. baumannii on diﬀerent carbon sources
To test the ability to employ a given carbon source, the diﬀerent A.
baumannii strains indicated above were grown at 37 C under gentle
shaking in BM2 liquid medium [62 mM potassium phosphate (pHblished by Elsevier B.V. All rights reserved.
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Ref. [14]] supplemented with 10 mM potassium glutamate (BM2/gluta-
mate) until the culture reached an absorbance at 600 nm (Abs600) of
0.5. The cells were collected at this stage by centrifugation at
8000 · g for 10 min, rinsed, and resuspended in the original volume
of basal BM2 medium. To test growth in liquid media, an aliquot of
this suspension was diluted 100-fold in fresh BM2 liquid media con-
taining 20 mM of the tested carbon source and incubated as above.
At the times indicated in the legends to ﬁgures an aliquot was taken
to record the Abs600 of the culture. To test growth in solid media,
10-fold serial dilutions of the above suspension were made in BM2 ba-
sal medium, and 10 ll each were applied to the surface of BM2 solid
media (i.e., including 2% (w/v) Difco bacteriological agar) supple-
mented with the tested carbon sources at the concentrations indicated
in the text. Developing colonies were observed after overnight incuba-
tion at 37 C under aerobic conditions.
2.3. L-[14C] Orn uptake by whole cells
L-[1-14C]ornithine (1.8 GBq/mmol; 47.7 mCi/mmol, L-[14C] Orn) was
purchased from Amersham. L-[14C] Orn uptake by A. baumannii was
determined by the rapid ﬁltration procedure essentially as described
in [15]. In short,A. baumanniiAb244, Ab242 or Ab825 cells were grown
aerobically at 37 C in LB liquid medium until the cultures reached an
Abs600 of 0.6, collected by centrifugation (8000 · g; 10 min), rinsed with
50 mM Tris–HCl (pH 7.0), 1 mM Mg2SO4, and resuspended in this
medium at an Abs600 of 1.0. The time course of L-[
14C] Orn incorpora-
tion was determined at 25 C by adding the radiolabeled compound at a
ﬁnal concentration of 10 lM to 0.5 ml of the above suspension. The
mixture was gently agitated and at the times indicated in the legend
to ﬁgures 0.12 ml aliquots were withdrawn and the cells were rapidly
collected in a Millipore HA 0.45 lm pore size ﬁlter using a Hoefer Sci-
entiﬁc Instruments (San Francisco, CA) ﬁltering device. The ﬁlters were
rinsed twice with 2.5 ml each of an ice-cold 0.1 mM LiCl solution,
placed in vials containing 1 ml of Opti Phase ‘‘Hi Safe’’ 3 cocktail,
and the cell-associated radioactivity was determined using a Wallac
1209 Rack Beta Liquid Scintillation Counter.
The competing eﬀects of diﬀerent amino acids on L-[14C] Orn uptake
by CarO-containing Ab244 cells was evaluated at two diﬀerent concen-
trations of the competitor representing 8- and 80-fold molar excess,
respectively, of the L-[14C] Orn present in the assay (10 lM). The tested
compounds were added to the cell suspension immediately before
L-[14C] Orn addition, and the radioactivity incorporated after 2 min
by the cells was measured as above.
2.4. Uptake of L-[14C] ornithine by A. baumannii spheroplasts
Spheroplasts were prepared from the CarO-containing or CarO-deﬁ-
cient strains by the lysozyme/EDTA treatment essentially as described
in Ref. [16]. The eﬃciency of spheroplast formation was monitored by
both light microscopy and by recording the decline in Abs600 induced
by hyposmotic lysis [16].
The time course of L-[14C] Orn uptake was measured as above using
a spheroplast suspension corresponding to an Abs600 of 1.0 in 0.25 M
sucrose, 3.3 mM Tris–HCl (pH 7.8). At the indicated times the spher-
oplasts were collected by ﬁltration, rinsed gently with an isosmotic
0.25 M sucrose, 3.3 mM Tris–HCl (pH 7.8) to avoid lysis, and the asso-
ciated radioactivity was determined as above. The non-speciﬁc radio-
activity retained by spheroplasts and ﬁlters was measured in parallel
aliquots which were treated with 2.5 ml of a 0.1 mM LiCl hypotonic
solution to induce spheroplast lysis.
2.5. Relative contents of CarO in A. baumannii OM at diﬀerent growth
temperatures
Ab244 cells were separately grown in LB liquid medium at 15 C,
25 C, and 37 C until the cultures reached an Abs600 of 1.0. The cells
were collected at this stage, and the OM fractions were isolated by the
N-lauryl sarcosinate procedure and analyzed by SDS–PAGE [7,8].
After staining with Coomassie Blue and destaining, protein bands cor-
responding to CarO and to a major Omp40 protein were excised from
the gels and separately treated overnight in 1 ml of 25% (v/v) pyridine
to release the associated dye, which was then quantiﬁed spectrophoto-
metrically at 600 nm. The relative contents of CarO in the OM at the
diﬀerent growth temperatures were then normalized by comparison
with Omp40 contents, which were not modiﬁed at the diﬀerent temper-
atures.2.6. Competition between amino acids and imipenem for uptake by whole
A. baumannii cells
Ab244 cells were grown in BM2/glutamate liquid medium, and 10 ll
each of 10-fold serial dilutions made in BM2 basal medium were ap-
plied to the surface of BM2/glutamate solid media containing 0.2 lg/
ml IPM and 10 mM of the compound tested as a putative competitor
of antibiotic uptake to analyze the inﬂuence on bacterial IPM suscep-
tibility. Developing colonies were observed after overnight incubation
at 37 C under aerobic conditions as above.
2.7. Source of amino acids and peptides
All amino acids, the Ala-Ala dipeptide, and the Arg-Gly-Asp tripep-
tide used in this work were obtained from Sigma-Aldrich, Inc. (Saint
Louis, MO, USA). The dipeptide NH2-Glu-His-COOH was synthe-
sized at our request by Dr. R. Cravero at the IQUIR (Instituto de Quı´-
mica Rosario, CONICET) from L-histidine methyl ester
dihydrochloride using a 7-step synthesis procedure [17].3. Results and discussion
3.1. Loss of CarO is concomitant with the speciﬁc failure of
A. baumannii to grow on L-ornithine
We have previously shown that the acquisition of resistance
to IPM and MER among clonally-related A. baumannii MDR
clinical strains is concomitant with the loss of a novel b-barrel
OM protein designated CarO [7,8]. To get insight into the phys-
iological role(s) of CarO, we ﬁrst searched for diﬀerences in the
use of speciﬁc carbon sources between the CarO-containing
strain Ab244 and the CarO-deﬁcient strains Ab825 and
Ab242. As seen in Supplementary Table 1 and in Fig. 1 no sig-
niﬁcant diﬀerences were observed between these strains in the
use of 35 diﬀerent compounds including amino acids, organic
acids, polyamines, and carbohydrates, with the remarkable
exception of L-Orn. In fact, while the CarO-containing strain
could employ L-Orn as the sole carbon source, both strains deﬁ-
cient in CarO showed only residual growth even when supplied
with 20 mM of this basic amino acid (Fig. 1A and Supplemen-
tary Table 1). These results thus suggest the involvement of
CarO in L-Orn incorporation in A. baumannii.
The arginine decarboxylase and arginine succinyltransferase
pathways represent major routes of aerobic bacteria allowing
utilization of L-Orn and metabolically related compounds such
as L-Arg and putrescine, generating glutamate and succinate
which are channeled into the tricarboxylic acid cycle [18,19].
Therefore, the fact that both CarO-containing and CarO-deﬁ-
cient A. baumannii strains could grow on L-Arg or putrescine
as the sole carbon source (Supplementary Table 1) indicated
not only that CarO is not essential for the uptake of these com-
pounds, but also that pathways directing L-Orn catabolism are
not impaired in the CarO-deﬁcient strains.
3.2. L-[14 C] Orn uptake is impaired at the OM level in the
CarO-deﬁcient strains
We next compared L-[14C] Orn uptake between CarO-con-
taining and CarO-deﬁcient strains (Fig. 2). As seen in
Fig. 2A, uptake of L-[14C] Orn by whole cells was speciﬁcally
impaired only in the CarO-deﬁcient strains. In sharp contrast,
spheroplasts prepared from either CarO-containing or CarO-
deﬁcient bacteria showed similar rates of L-[14C] Orn incorpo-
ration (Fig. 2B), indicating an impairment at the OM level in
the CarO-deﬁcient strains. The overall data reinforced the no-
tion that CarO participates in L-Orn uptake through the A.
baumannii OM.
Fig. 1. A. baumannii CarO-deﬁcient cells are impaired to grow on L-
Orn as a sole carbon source. (A) Growth curves of CarO-containing
Ab244 cells (}) and CarO-deﬁcient Ab825 (m) and Ab242 (h) cells in
BM2 liquid medium on 20 mM L-Orn as the sole carbon source. (B)
Growth of CarO-containing and CarO-deﬁcient A. baumannii cells on
BM2 solid media containing diﬀerent amino acids. The cells were
previously grown in BM2/glutamate minimal medium, and 10 ll
aliquots corresponding to dilutions 100, 102 and 104 as indicated
were applied to the solid media supplemented with 20 mM of the
indicated L-amino acids. Developing colonies were observed after
overnight incubation at 37 C. For details see Section 2.
Fig. 2. L-[14C] Orn uptake is impaired at the OM level in CarO-
deﬁcient A. baumannii. (A) Time-course of L-[14C] Orn incorporation
by whole cells of strain Ab244 (}); strain Ab825 (m); strain Ab242 (h),
respectively. (B) Time-course of L-[14C] Orn incorporation into
spheroplasts prepared from strains Ab244 (}) or Ab242 (h), respec-
tively. As a control, spheroplasts obtained from strains Ab244 (·) or
Ab242 (d) were rinsed in parallel with a 0.1 mM hypotonic LiCl
solution to induce lysis, and the unspeciﬁcally-bound radioactivity was
also measured. The above data reﬂect similar values obtained in three
independent experiments.
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speciﬁcally impair growth on L-Orn
CarO accounts for almost 20% of the OM proteins in A. bau-
mannii cells grown at 37 C [8] (see also Fig. 3A). Notably, the
OM CarO contents in Ab244 cells grown at 15 C were found
to be lower than 20% of those found at 37 C (or even at 25 C,
Fig. 3A), indicating regulation by temperature. Most rele-
vantly however, while Ab244 cells could grow at 37 C on L-
Orn or glutamate as the sole carbon source, growth of these
cells was impaired at 15 C only on L-Orn (Fig. 3B). These
observations support the above notion that CarO is essential
for L-Orn uptake by the cells.
3.4. Eﬀect of diﬀerent amino acids on L-[14C] Orn uptake by
Ab244 whole cells
The above data indicated that CarO provides the main
means for L-Orn to permeate the OM and suggest that it
may provide, or form part of, an OM channel in the analyzed
A. baumannii strains. We therefore studied next whether otheramino acids or peptides competed with L-[14C] Orn for incor-
poration by CarO-containing Ab244 cells. Selected com-
pounds were tested at two diﬀerent concentrations
representing 8- and 80-fold molar excess, respectively, of the
L-[14C] Orn present in the medium which was set at 10 lM
(Fig. 4). Competition for uptake between compounds at the
OM is expected only when diﬀusion at this level is the rate-lim-
iting step, a condition that can be obtained at substrate con-
centrations lower than those at which incorporation by the
cell reaches saturation [11]. Since we found that L-[14C] Orn
uptake by Ab244 cells shows a rapid saturation in the 50–
200 lM range (Mussi et al., unpublished), the use of a subsat-
urating concentration such as 10 lMwas found appropriate to
test the eﬀects of putative competitors of L-Orn uptake at the
OM level. As seen in Fig. 4, among all amino acids tested
L-Arg behaved as the most eﬀective competitor, reducing
L-[14C] Orn uptake by around 50% at 8-fold molar excess
and almost 90% at 80-fold molar excess. Other basic L-amino
acids such as Lys and His also reduced L-[14C] Orn uptake by
around 50–60%, but only when present at 80-fold molar ex-
cess. On the contrary, amino acids representing other groups
including L-Glu, Gly, and hydrophobic group members such
Fig. 3. OM CarO contents are sharply reduced in A. baumannii cells grown at low temperatures. (A) Top: Coomassie Blue stained pattern after SDS–
PAGE of OM fractions equivalent to 10 lg total proteins obtained from Ab244 cells grown at the indicated temperatures. The ﬁnal positions and
molecular masses of the diﬀerent markers are indicated at the left margin. Also indicated at the right margin are the ﬁnal positions of CarO and a
40 kDa OM protein (Omp40) used to normalize the OM CarO contents at each temperature (see ﬁgure at the bottom). (B) Growth curves of Ab244
in BM2 liquid medium supplemented with 20 mM glutamate (d) or 20 mM L-Orn (n) at 37 C (upper ﬁgure) or 15 C (lower ﬁgure).
Fig. 4. Competing eﬀects of diﬀerent amino acids and peptides on L-
[14C] Orn uptake by CarO-containing A. baumannii cells. The eﬀect of
the indicated compounds on L-[14C] Orn uptake by Ab244 whole cells
was determined at either 8- (solid bars) or 80- (open bars) fold molar
excess with respect to L-[14C] Orn (set at 10 lM). The results reﬂect the
means ± S.D. of triplicate determinations, and are expressed as the
percentage of L-[14C] Orn incorporated into the cells after 2 min in the
presence of the tested competitor relative to its absence. The L-[14C]
Orn incorporated by the cells when supplemented with 80 or 800 lM
unlabeled L-Orn is also shown to demonstrate the speciﬁcity of the
uptake system. For details see Section 2.
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tors of L-[14C] Orn uptake by Ab244 cells under the conditions
tested (Fig. 4). It is remarkably that neither D-Orn nor D-Arg
showed signiﬁcant inhibitory eﬀects on L-[14C] Orn incorpora-
tion by Ab244 cells even at 80-fold molar excess (Fig. 4), indi-cating a marked preference of the OM channel for the L- over
the D-isomers of these basic amino acids.
It is also noteworthy that the dipeptide Ala-Ala showed no
signiﬁcant inhibitory eﬀect on L-[14C] Orn uptake by A. bau-
mannii cells, and that peptides containing basic amino acids
such as the dipeptide Glu-His or the tripeptide Arg-Gly-Asp
inhibited L-[14C] Orn uptake to a much lower extent than
His or Arg when tested at similar concentrations (Fig. 4),
therefore indicating no special preference of the channel for
these peptides.
The overall results thus suggest that CarO mediates, besides
L-Orn, the uptake of L-Arg, L-Lys, and L-His also. However, it
is worth remarking that CarO-deﬁcient A. baumannii cells were
able to use L-Arg or L-His (but not L-Orn) as the only carbon
source (Fig. 1B), indicating that basic amino acids other than
L-Orn permeate the OM through channels other than CarO
also.
3.5. L-Orn reduced Ab244 susceptibility to imipenem
We previously reported that CarO loss is correlated with the
emergence of increased carbapenem resistance among MDR
A. baumannii clinical strains [7,8]. Since the above results indi-
cated that CarO plays roles in the uptake of L-Orn and other
basic amino acids, we analyzed whether these compounds
could compete for IPM uptake by Ab244 cells. The rationale
in this case was that the presence in the culture media of com-
Fig. 5. L-Orn and other L-basic amino acids compete for IPM
permeation through the A. baumannii OM. CarO-containing Ab244
cells were grown at 37 C on BM2/glutamate liquid medium, and 10 ll
aliquots of the dilutions indicated at the bottom were applied on BM2/
glutamate solid media in the absence (imipenem) or presence
(+ imipenem) of IPM and 10 mM of the indicated amino acid. L-Lys
inhibited A. baumannii growth (Supplementary Table 1) and could not
be tested in this assay. For details see Section 2.
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permeate the bacterial OM should reduce the susceptibility of
the cells to this antibiotic [11]. As seen in Fig. 5, while Ab244
growth on BM2/glutamate minimal medium was severely re-
stricted by the inclusion of 0.2 lg/ml IPM, the additional pres-
ence of 10 mM L-Orn, L-Arg, or L-His in the culture medium
signiﬁcantly reduced the antibiotic susceptibility of these cells.
On the contrary, much limited or null protection against IPM
inhibitory action was observed in media supplemented with
compounds that behaved as poor competitors of L-[14C] Orn
uptake including the amino acids L-Val, D-Orn, and D-Arg
(see Fig. 4).
The above results provided additional support to the notion
that CarO participates in the uptake of carbapenems, L-Orn,
and other basic amino acids across the A. baumannii OM.
3.6. Additional remarks
The overall data presented in this work indicate that CarO,
which we showed previously to participate in the uptake of
carbapenem antibiotics [7,8], plays essential roles in the perme-
ation of L-Orn and other basic amino acids through the A.
baumannii OM. First, CarO-deﬁcient strains are speciﬁcally
impaired to grow on L-Orn as the sole carbon source (Supple-
mentary Table 1, Figs. 1 and 3). Second, CarO-deﬁcient bacte-
ria showed severely reduced rates of L-[14C] Orn incorporation,a failure that was located at the OM level (Fig. 2). Third, from
all amino acids tested, only L-Arg, L-Lys, and L-His were
found to signiﬁcantly compete for L-[14C] Orn uptake by A.
baumannii cells, being Arg apparently the most eﬃcient com-
petitor (Fig. 4). Fourth, L-Orn and basic amino acids which
competed for L-[14C] Orn uptake reduced A. baumannii sensi-
tivity to IPM (Fig. 5).
The overall results thus suggest that CarO provides, or form
part of, a speciﬁc channel for carbapenems and basic amino
acids in the A. baumannii OM. In P. aeruginosa the OM pro-
tein OprD allows the speciﬁc permeation of IPM, and compe-
tition experiments indicate that this channel also possess
common binding sites for basic amino acids including the L-
and D-isomers of Lys, Arg, and His, as well as for peptides
containing basic amino acids [11]. The results presented in this
work thus support previous proposals of functional similarities
between A. baumannii and P. aeruginosa OM proteins involved
in carbapenem permeation, despite no detectable structural
homology between them [8]. However, they also indicate idio-
syncratic features of A. baumannii CarO including a remark-
able selectivity for the L-isomers of Orn and Arg over the
corresponding D-isomers (Fig. 4). A detailed kinetic character-
ization of compounds aﬀecting L-[14C] Orn uptake in A. bau-
mannii is certainly worth conducting and is under progress in
our laboratory.
A pertinent question is why clinical strains of A. baumannii
may have evolved an OM channel displaying such a remark-
able selectivity for certain basic amino acids? It is worth noting
in this context that both Orn and Arg are normally present in
the blood of mammals at submillimolar concentrations, and
that conversion of Arg to Orn is increased after severe skin in-
jury where the two basic amino acids play speciﬁc healing ef-
fects [20,21]. Therefore, wound ﬂuid is much richer in Orn as
compared to Arg in concentrations that tend to increase with
time of wounding [20,21]. Orn is also present in human skin
as a constituent of long-lived proteins such as collagen as the
result of age-related post-translational modiﬁcations, a conver-
sion that is enhanced by certain pathologies [22]. It is therefore
tempting to speculate that certain strains of A. baumannii may
sense Orn as a signal indicating an entry door in a compro-
mised host. The reduced CarO content and impaired ability
of A. baumannii cells to selectively utilize Orn at low tempera-
tures (Fig. 3) are also worth discussing in this context. Evi-
dence exists that modiﬁcations of temperature are exploited
by pathogenic bacteria as an indication that they have passed
from the external environment into their hosts, and viceversa
[23,24]. It therefore seems possible that the regulation of CarO
OM contents by temperature may represent part of a ﬁne tun-
ing mechanism evolved by A. baumannii to sense more accu-
rately the status of its new environment, and to respond
accordingly. All the above possibilities are under study in
our laboratory.
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